cell therapy has the potential to treat or cure a wide variety of diseases. non-invasive cell tracking techniques are, however, necessary to translate this approach to the clinical setting. this protocol details methods to create microcapsules that are visible by X-ray, ultrasound (us) or magnetic resonance (Mr) for the encapsulation and immunoisolation of cellular therapeutics. three steps are generally used to encapsulate cellular therapeutics in an alginate matrix: (i) droplets of cell-containing liquid alginate are extruded, using an electrostatic generator, through a needle tip into a solution containing a dissolved divalent cation salt to form a solid gel; (ii) the resulting gelled spheres are coated with polycations as a cross-linker; and (iii) these complexes are then incubated in a second solution of alginate to form a semipermeable membrane composed of an inner and an outer layer of alginate. the microcapsules can be rendered visible during the first step by adding contrast agents to the primary alginate layer. such contrast agents include superparamagnetic iron oxide for detection by 1 H Mr imaging (MrI); the radiopaque agents barium or bismuth sulfate for detection by X-ray modalities; or perfluorocarbon emulsions for multimodal detection by 19 F MrI, X-ray and us imaging. the entire synthesis can be completed within 2 h.
IntroDuctIon
Immunoisolation of cells in semipermeable microcapsules has been proposed as a means to prevent or delay their immune destruction following transplantation 1 . Immunoprotective microencapsulation is particularly attractive, as it both abrogates the need for chronic immunosuppressive therapy and opens up the possibility of immunoisolating xenogenic grafts 2, 3 . To date, encapsulation has shown clinical potential for insulin 4, 5 and parathyroid 6 hormone replacement therapy. Encapsulation has also shown considerable research potential for the delivery of a large variety of additional cellular therapeutics [7] [8] [9] . Nevertheless, several fundamental issues remain to be addressed before considering widespread clinical applications of this method. If microcapsules were to be monitored with noninvasive imaging modalities, questions related to the ideal transplantation site, the best means of delivery and the long-term survival of such grafts could be better addressed. We have developed new alginate-based microcapsule formulations (refs. 10-13 and D.R.A., unpublished data) that are detectable with X-ray, US and magnetic resonance imaging (MRI)-traditional imaging modalities that are clinically used and widely available. Contrast agents that can be readily incorporated include superparamagnetic iron oxide (SPIO) 11, 13 and gadolinium (D.R.A., unpublished data) nanoparticles for MRI; barium sulfate, bismuth sulfate and gold particles (ref. 13 and D.R.A., unpublished data) for detection with X-ray modalities (fluoroscopy, computed tomography (CT) 10 , digital subtraction angiography); and perfluorcarbons 12 as versatile agents for all three imaging modalities.
Previous methods for tracking cellular therapeutics with MRI have been limited to the use of either direct labeling of cells with contrast agents 14, 15 or the use of a reporter gene 16 method. In this protocol, we describe the first method for long-term tracking of cellular therapeutics using X-ray imaging modalities. By encapsulating cells in contrast-containing alginate microcapsules, we potentially avoid many of the limitations involved with direct labeling of cells, such as contrast dilution in the case of dividing cells or loss of contrast with cell death. This latter feature is both a strength and weakness as it enables prolonged tracking of cellular therapeutics but does not report on the viability of such cells. As opposed to the majority of cellular labeling methods, which involve prolonged incubation of cells with contrast agent 14 , contrast-containing capsules can be synthesized in <2 h, using clinically approved materials. In addition, an inherent limitation of intracellular labeling with contrast agents is the resulting dilution effect when cells divide. In our approach, because the contrast agent is present in the capsules and not the cells, this dilution effect does not occur even in the presence of cell proliferation within the microcapsule. It is unlikely that proliferating cells would expand to such an extent that the polymer barrier will break; there are no literature reports on this phenomenon. Microencapsulation has most widely been used for islet cells; these mixed cell spheres are growth arrested and cells do not divide. In the event that capsule integrity is maintained and the encapsulated cells are no longer viable, it is not anticipated that a change in signal from the capsules will occur, as it has been shown that capsule rupture leads to a loss of contrast 1 . However, in the event of capsule rupture, we would lose the ability to track cells when adding contrast agents. Adding a contrast agent to the capsule instead of into cells may potentially bypass toxicity issues that can result from direct cell labeling 17 . The addition of either iron oxide, barium and bismuth sulfate, or perfluorocarbons does not reduce cell viability and C-peptide secretion of islet cells [1] [2] [3] . Viability of encapsulated cells is determined mainly by the host microenvironment of the engrafted site. One of the main limiting factors for encapsulated cell survival is hypoxia resulting from a lack of direct vascularization. For this reason, transplantation of capsules intravascularly, in particular in the portal vein, is believed to be optimal but has not been unambiguously proven. In addition to providing a means of tracking, contrast-containing capsules provide immunoisolation 18 . Thus, rejection of cellular therapeutics in an immunocompetent environment is potentially prevented or delayed when using mismatched donors or xenografts.
Other groups have explored doping nonalginate hydrogel microcapsules with radiopaque material for use as embolic agents. A number of biomaterials have been explored to deliver cellular and noncellular therapeutics 6, [19] [20] [21] . The choice of material is guided by the application, with some materials providing a controlled degradation profile and other application-specific benefits 22 . Regardless of the material used, contrast agents can commonly be incorporated into the polymer matrix to enable detection with clinical imaging modalities. In addition to the previously mentioned contrast agents, other materials have been explored, including tantalum powder or tungsten powder 23 , iothalamic acid and iopanoic acid 24, 25 . As an alternative method, we have tried to incorporate these agents into the primary alginate layer of our microcapsules in order to make them radiopaque. We have also tested numerous other agents, which included diatrizoate sodium and diatrizoate meglumine (MD-Gastroview), iohexol (Omnipaque), diatrizoate sodium and diatrizoate meglumine (Hypaque), manganese chloride and potassium iodide. In all cases, contrast was not stably incorporated within the microcapsule but instead eluted over a period of hours (B.P.B., unpublished data). We did find that tantalum and tungsten powder could be readily encapsulated and retained within alginate microcapsules, but the radiopacity of these agents was much lower than that of barium and bismuth sulfate. Although not currently approved for parenteral use, uncoated barium sulfate is used as an oral contrast agent 26 ; therefore, preparations of barium or bismuth complexed with stabilizing molecules may prove to be highly efficacious and have good relative safety compared with currently used agents. A recent report on the safety and efficacy of a novel bismuth sulfide nanoparticle CT contrast agent compared with traditional iodinated contrast agents supports this claim 27 . In the protocol that follows, contrast agents are added to the primary alginate layer. The labeling techniques described here could be used for alternative alginate microcapsule preparations. These include the use of polycations other than poly-l-lysine (PLL) (ref. 28 and D.R.A, unpublished data), or different cations in the gelation bath 29 . In addition, other compounds may be mixed with the alginate such as poly(ethylene glycol) 30 . As for using alternative cations, it has been shown that alginate gelled in barium chloride can also provide immunoisolation 31 . If the addition of contrast agent to the primary alginate layer results in retention of the material without affecting porosity, then potentially the use of polycations and an additional alginate layer may be circumvented. SPIOcontaining capsules or 'magnetocapsules' 11 , radiopaque capsules or 'X-Caps' 10 , trimodal fluorocapsules 12 , SPIO-Gold capsules 13 and GadoGold capsules (D.R.A, unpublished data) can, in principle, be applied to track a wide variety of cellular therapeutics by 1 H conventional MR, 19 F hot spot MR 32 , X-ray and US imaging, all at a sensitivity level of a single capsule. . Place a screw cap on the flask and allow it to rotate overnight in a tissue culture hood with the UV light turned off. As it is difficult to dissolve alginate in small volumes of liquid, it is better to prepare a larger volume and aliquot it into 15-ml conical tubes for later use. For best results, store unused aliquots at 2-4 °C for up to 1 month. Remove necessary aliquots from refrigeration the day before encapsulation and allow to return to room temperature (20-25 °C).
MaterIals

REAGENTS
•
Preparation of secondary alginate Prepare secondary alginate in a manner identical to that of primary alginate but instead use Pronova UP LVM at a concentration of 0.15% (wt/vol); store aliquots in 50-ml conical tubes. Preparation of Poly-l-lysine solution Prepare a solution of 0.05% (wt/vol) PLL in 10 mM HEPES-buffered normal saline and filter-sterilize the solution with a filter flask. Store aliquots at 2-4 °C for up to 1 year in 15-ml conical tubes. Preparation of gelation bath Prepare a solution of 100 mM calcium chloride in 10 mM HEPES-buffered normal saline and filter-sterilize the solution with a filter flask. Store aliquots at 2-4 °C for up to 1 year in 50-ml conical tubes. Superparamagnetic iron oxide (SPIO) Feridex I.V. has been commercially available in the USA but not in Europe, where it was marketed as Endorem (Guerbet); both formulations are identical. However, these SPIO formulations have recently been taken off the market and are no longer available. As alternatives to these SPIOs, other formulations may be encapsulated, such as Resovist (SHU 555A, Bayer-Schering AG), another clinically approved SPIO, or Ferumoxtyol (AMAG Pharmaceuticals). In addition, ultrasmall SPIOs (USPIOs) such as Combidex (labeled Sinerem in Europe, distributed by Guerbet) may be incorporated, although it is anticipated that the resulting magnetocapsules will be less magnetic and MR-visible because of the smaller size and magnetic moment (Bohr magnetons) of the individual USPIO particles. Currently, the commercial availability of these and other agents is rapidly changing, but regardless of the choice of SPIO, the same basic protocol applies.
proceDure assemble electrostatic droplet generator • tIMInG 40 min plus sterilization time 1| Cut two pieces of 5-foot connection wire and strip 1 inch of insulation tubing off the distal ends of both wires. Attach one end of the wire to a suitable ground (e.g., a ring stand placed on the floor) and place the other end of the wire into a Petri dish containing the cationic gelation bath. Attach the other wire to the ground on the high-voltage generator and connect the other end of the wire to a separate ground (e.g., the inner metal wall of a tissue culture hood; see Fig. 1 ).
2| Pass a 20-g 1/2-inch blunt needle through the insulation wall of the wire through wire braids and out the opposite insulation wall of the output wire of the high-voltage droplet generator.
3| Gas-sterilize the setup using ethylene oxide gas (available at most medical centers); alternatively, if ethylene oxide is not available, use a UV light assembly for sterilization (available in most tissue culture hoods).
4| Place a culture dish below the needle and ensure that it is properly grounded (e.g., by running a wire from the encapsulation bath out of the tissue culture hood and onto a ring stand on the ground, ensuring that the proximal portion of the wire in the gelation bath and hood remains sterile). 
8|
Draw up primary alginate in one syringe and contrast in an alternate syringe and attach a three-way stopcock. In the case of dehydrated contrast agents such as barium sulfate, the contrast agent should be dissolved in a minimal volume of appropriate solvent (i.e., saline, double-distilled water and so on.).
9|
Carefully remove all air by placing the stopcock in the open position and depressing the syringe until air is released. Close the stopcock and then gently mix the contents of the two syringes.
10|
With the appropriate mixture of contrast and alginate, add the cells at the appropriate concentration to the alginate using a 50-ml conical tube. Use a 1-cc tuberculin syringe to mix the alginate/contrast solution with cells until a homogeneous mixture is achieved. Appropriate cell concentrations vary depending on cell types. For human islets, which may contain up to several thousand cells, one islet per capsule should be used. For single cells, e.g., mesenchymal stem cells, a maximum of up to 300 single cells can be encapsulated.  crItIcal step The duration of this step must be minimized, as oxygen diffusion is greatly reduced when cells are suspended in relatively large volume of unpolymerized alginate.
11|
If viability of cells is reduced substantially at this step, one could supplement the primary alginate in Step 6 with glucose, amino acids, insulin, transferrin or other nutrients. Encapsulated cell viability can be assessed as described in Box 1.
? trouBlesHootInG cell encapsulation • tIMInG 6 min per 1 ml of primary alginate 12| Affix a blunt-tip needle with the wire from the high-voltage generator to the syringe containing the suspension of alginate, contrast and cells.
13| Place the syringe with the needle attached in the syringe pump and adjust the height between the needle and the cationic (calcium or barium) solution by adjusting the positioning knobs of the stereotaxic apparatus. The distance should be approximately on the order of an inch (this results in a voltage differential of ~8 kV).
14|
Turn on the high-voltage generator. Adjust the current beforehand, using an alginate solution without cells, to obtain the finest stream (and thus the smallest droplets) possible.
15|
Preset the microinjector to inject a volume of 1 ml at a rate of 200 µl min -1 .
16|
Ensure that the gelation bath is properly grounded and start the syringe pump. ? trouBlesHootInG 17| If microcapsules are too large, as determined using a phase-contrast inverted microscope, increase the distance between the needle tip and the gelling bath or increase the voltage from the generator or lower the concentration of the primary alginate. ? trouBlesHootInG
18|
If microcapsules begin to adhere to each other as they are collecting directly beneath the tip of the needle in the gelling bath, it may be necessary to place a sterile stir bar in the gelation bath and place it on a stir plate. ? trouBlesHootInG 19| Allow microcapsules to remain in the gelation bath for 5 min.
20| Use a Pipet-Aid equipped with a 10-ml serological pipette to remove microcapsules from the gelation bath; add them to a 50-ml conical tube.
21|
Remove calcium chloride solution by allowing microcapsules to settle to the base of the conical tube and then aspirate the entire volume of calcium chloride solution.
BoX 1 | ASSESSING CELL VIABILITY • tIMInG 15 MIN (STAINING AND MICRoSCoPIC IMAGING) PLuS 120 MIN (CELL CouNTING)
Cell viability is determined through a dual staining process using FDA, which stains live cells, and PI, which stains dead cells. 1. Prepare an FDA stock by mixing 9.9 mg of FDA with 1 ml of acetone, and add 1 ml of PBS. An FDA working solution is prepared by mixing 500 µl of the stock with 500 µl of PBS. The PI stock comes as a 1 mg ml − 1 solution; a working solution is prepared by mixing 100 µl of the stock with 900 µl of PBS. To ensure adequate sampling, ten microspheres are randomly selected from each preparation. 2. Remove culture medium and rinse capsules twice with PBS, then resuspend in 480 µl of PBS. Using both working solutions, add 10 µl of FDA and 10 µl of PI and shake gently for 2 min. 3. Remove capsules immediately and rinse twice with PBS. 4. After staining, examine the capsules with a fluorescence microscope. FDA is excited at 495 nm, with the emitted fluorescence detected at 520 nm. Propidium iodide is excited at 535 nm, with the emitted fluorescence detected at 615 nm. 5. Adjust the focus of the microscope, and capture the images of red fluorescent (PI) dead cells and green fluorescent (FDA) live cells within each capsule at one focal plane. This is repeated for ten different focal planes. As prolonged exposure of dyes may kill the cells, the staining and imaging process must be completed within 15 min. 6. Calculate the number of live and dead cells from the images. The percentage cell viability is expressed as the average of a total of 100 cell counts (i.e., ten capsules with ten focal planes per capsule).
Under certain circumstances, the microscopic detection of individual encapsulated cells may be difficult because of light refraction through the alginate layer. When such difficulty is encountered, it is recommended that the microscope focus be adjusted and the magnification be increased (×20 or ×40) until single cells can be easily visualized. If adequate data are not collected within the 15-min staining time limit, repeat the staining and imaging protocol using a fresh sample of capsules. Alternatively, depending on the type of cells, other viability assays may be used (i.e., using a LIVE/DEAD viability assay kit (Molecular Probes) according to the manufacturer's protocol).
If the viability of cells is reduced substantially at this step, supplement the primary alginate and/or the PLL solution with glucose, amino acids, insulin, transferrin or other nutrients. application of polycation coat • tIMInG 8 min 22| Rinse microcapsules with three changes of 25-ml 0.9% (wt/vol) sodium chloride solution. Remove the solution for each change as described in Step 21.
23|
Add 40-50 ml of the PLL solution described above to microcapsules in the 50-ml conical tube.
24|
Seal the conical tube and tape it horizontally on a platform rocker. Rock at medium speed for exactly 6 min. application of secondary alginate layer • tIMInG 4 min 25| Rinse microcapsules with three changes of 25-ml 0.9% (wt/vol) sodium chloride solution. Remove solution for each change as described above.
26| With all 0.9% (wt/vol) sodium chloride solution removed, add 40-50 ml of secondary alginate, prepared as described above, to the microcapsules in a 50-ml conical tube.
27|
Seal the conical tube and tape horizontally on a platform rocker. Rock at medium speed for 3 min.
28|
Rinse the microcapsules with three changes of 25-ml 0.9% (wt/vol) sodium chloride solution. Evacuate the solution for each change as described in Step 21 and immediately transplant or place in appropriate culture conditions for the encapsulated cell type.
? trouBlesHootInG Troubleshooting advice can be found in table 1. 
antIcIpateD results
Magnetocapsules have a characteristic rust color with an average diameter of ~300 µm (Fig. 2a) . X-ray visible caps or X-caps have a characteristic white (Ba X-Caps) or yellow (Bi X-Caps) macroscopic appearance, with an average diameter of ~350 µm. For all capsule types, encapsulated cells are distributed randomly throughout the microcapsule matrix (Fig. 2b) .
As compared with naked cells or islet cells encapsulated without contrast material, neither magnetocapsules 1 , X-caps 2 nor fluorocapsules 3 is anticipated to interfere with cell viability and C-peptide secretion by islet cells. Because of their ability to function as an oxygen sink, fluorocapsules can be expected to improve cell function 3 . The iron content of magnetocapsules is sufficient to enable a clear depiction of single capsules in agarose phantoms (Fig. 2c) . Using a novel 3D inversion recovery on-resonance (IRON) 33 positive-contrast imaging technique, which is very sensitive to microscopic magnetic susceptibility changes, the capsule surface of single magnetocapsules can be selectively enhanced (Fig. 2d) . Thus, MR imaging not only has the spatial resolution to detect 350-µm capsules but also allows distinct visualization of the surface of intact capsules. However, liver IRON imaging in vivo presents additional challenges including, but not limited to, compensation for respiratory motion, the need for good shimming of the magnet and the need to account for other causes of susceptibility artifacts, such as at the lung/liver interface. For assessment of MR contrast, MCs were suspended in 2% (wt/vol) agarose at a density of 50-capsules per ml gel. Phantom imaging was performed on a 3T Philips Achieva MR scanner with a six-element cardiac phased-array receiver coil. For 3D T2*-weighted gradient echo imaging, which provides hypointense contrast, the imaging parameters were as follows: repetition time (TR) = 7.0 ms; echo time (TE) = 2. transplantation into the portal vein of swine with a 1.5T MR scanner (CV/i, GE Medical Systems; Fig. 2e ). The imaging parameters were as follows: TR = 4.8 ms; TE = 1.4 ms; FA = 25°; BW = 31.2 kHz; FOV = 30 cm; and image matrix = 256 × 256. For the liver, magnetocapsules were more unambiguously detected with IRON imaging as compared with conventional T2-weighted imaging (Fig. 2f,g ). Ex vivo imaging was performed on a 3T Philips Achieva MR scanner with an eight-element head phased-array receiver coil. For 3D T2*-weighted gradient echo imaging, the imaging parameters were as follows: TR = 3.9 ms; TE = 1.7 ms; FA = 20°; FOV = 14 cm; and voxel size = 0.74 × 0.75 × 0.74 mm 3 . For fast-spin echo 3D IRON imaging, which provides positive contrast, the imaging parameters were the same except for TR = 858 ms; TE = 18.3 ms; IRON pulse bandwidth (BW IRON ) = 170 Hz; α SAT = 100°; and turbo factor = 10.
The radiopaque labeling of alginate capsules enables fluoroscopic imaging and noninvasive X-ray tracking of encapsulated cells in both small and large animal models. With standard clinical-grade fluoroscopic imaging units such as the Toshiba Infinix VC-i unit (Toshiba) with imaging settings of 64 kVP (kVP = kilovolt peak), 66-ms exposure time, 112-mA tube current and 910-mm SID single Ba X-Caps and Bi X-Caps could be easily visualized in vitro (Fig. 3a) . Individual, single Ba X-Caps can also be resolved after transplantation in the peritoneal cavity of a mouse with CT (Fig. 3b) . Using a Gamma-Medica XSPECT scanner, microcapsules were imaged in the peritoneal cavity with 1,024 projections obtained during a 360° rotation with 0.703° rotation steps and reconstructed into 1,024 × 1,024 images using filtered backprojection reconstruction supplied by the vendor. Acquisition time for each view was 1 s at 50 kVP and 600 mA. Scanning was performed in a clockwise direction with an X-ray tube to detector distance of 269 mm and an X-ray tube to center of rotation distance of 225 mm. Segmentation and 3D reconstruction was carried out using the imaging software Amira. Ba X-Caps could also be resolved after transplantation in the thigh of the New Zealand White rabbit (Fig. 3c,d) , using a Toshiba Infinix VC-i unit with imaging settings of 64 kVP, 66-ms exposure time, 112-mA tube current and 910-mm image intensifier size.
In vitro 19 F MR imaging of 350-µm fluorocapsules showed the ability to detect single capsules at 11.7T (Fig. 4a) . Using high-resolution 19 F MRI (Bruker 9.4T horizontal bore animal scanner), following transplantation into the peritoneal cavity of mice, fluorocapsules were identifiable, and when overlaid on anatomical 1 H MRI scans, capsules were easily distinguishable from soft tissue (Fig. 4b,c) . Different amounts of capsules were imaged in order to determine the sensitivity of detection without signal quantitation. With micro-CT imaging, individual capsules were visible in vitro (Fig. 5a-c) and in vivo when transplanted into the peritoneal cavity of a mouse (Fig. 5d,e) . In addition, individual fluorocapsules in both phantoms (Fig. 6a,b) and after transplantation into the kidney of swine (Fig. 6c) were visible under US. US imaging was performed with a L25E 13-6 MHz probe on a Micromaxx US system (Sonosite). Grayscale imaging was performed with a center probe frequency of 6.00 MHz, a dynamic range of 55 dB, and a persistence setting of 2. Grayscale gain was adjusted for baseline imaging. Published online at http://www.natureprotocols.com/. Reprints and permissions information is available online at http://www.nature. com/reprints/index.html.
